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Staphylococcus aureus biofilm-related infections are of clinical concern due to the capability of 11 
bacterial colonies to adapt to a hostile environment. The present study investigated the capability of 12 
the acute phase protein alpha 1-acid glycoprotein (AGP) to a) disrupt already established S. aureus 13 
biofilm and b) interfere with the biofilm de novo production by using Microtiter Plate assay (MtP) on 14 
field strains isolated from infected quarters by assessing. The present study also investigated whether 15 
AGP could interfere with the expression of bacterial genes related to biofilm formation (icaA, icaD, 16 
icaB, and icaC) and adhesive virulence determinants (fnbA, fnbB, clfA, clfB, fib, ebps, eno) by 17 
quantitative real-time PCR (qPCR). The results provided the evidence that AGP could disrupt the 18 
biofilm structure only when it was already developed, but could not prevent the de novo biofilm 19 
formation. Moreover, AGP could interfere with the expression levels of genes involved in biofilm 20 
formation in a dose- and strain-dependent way, by upregulating, or downregulating, icaABC genes 21 
and fnbB, respectively. The results presented in this study provide new insights about the direct 22 
antibacterial activity of AGP in bovine milk. It remains to be demonstrated the molecular bases of 23 
AGP mechanism of action, in particular for what concerns the scarce capability to interact with the 24 
de novo formation of biofilm. 25 
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1. Introduction 30 
Mastitis has a deep impact on bovine dairy farm economy due to production losses, culling and 31 
treatment costs (Hogeveen and Van Der Voort, 2017). The main cause of mastitis is the development 32 
of an intramammary infection caused by bacteria, among which Staphylococcus (S.) aureus is one of 33 
most frequently isolated pathogens (Rainard et al., 2018). S. aureus is contagious, persistent in the 34 
bovine mammary gland, has a high colonization attitude of skin and mammary gland mucosal 35 
epithelia and is often low responsive to antibiotic therapy (Rainard et al., 2018). A significant risk 36 
factor in S. aureus infections is its ability to form a syntrophic consortium called biofilm within a 37 
self-produced matrix of extracellular polymeric substances (EPS). The production of biofilm is a 38 
strictly coordinated process by which planktonic bacteria switch from free-floating forms to sessile 39 
anchored cells embedded in self-produced EPS (Fox et al., 2005). Biofilm development is related to 40 
environmental signals and communication systems, that reflects on specific gene expression (Hall 41 
and Mah, 2017). In S. aureus, the switch from planktonic to sessile forms is controlled by quorum-42 
sensing proteins encoded by the agrABCD operon, whose abundance is related to virulence and 43 
pathogenicity(Antunes et al., 2010). Biofilm development further requires the expression of the gene 44 
cluster icaADBC, that produce polysaccharide intercellular adhesin (PIA), composed of β-1,6-linked 45 
N-acetylglucosamine with partially deacetylated residues (Arciola et al., 2005). Of pivotal importance 46 
for biofilm formation is the adhesion/colonization of biotic/abiotic surfaces related to the expression 47 
of microbial surface proteins that recognize adhesive matrix molecules (MSCRAMMs) such as 48 
laminin (eno), fibronectin A and B (fnbA, fnbB), collagen (cna), fibrinogen (fib) and clumping factor 49 
(clfA, clfB). Most of S. aureus isolated from subclinical mastitis are biofilm producers (Rainard et al., 50 
2018), and a recent study provided the evidence that S.aureus biofils can develop in bovine udder 51 
(Schönborn and Krömker, 2016). 52 
Alpha1-acid glycoprotein (AGP - Orosomucoid) is an acute phase protein and is as such it belongs to 53 
a group of structurally un-related proteins whose serum concentration changes during systemic 54 
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reaction of inflammation (Ceciliani and Lecchi, 2019). AGP fulfils at least two major sets of 55 
functions: on the one hand, it is one of the most important serum binding proteins for small 56 
hydrophobic molecules. On the other hand, AGP is an immunomodulatory protein, reducing the 57 
collateral damages on tissues involved in the inflammatory process (Lecchi et al., 2008, 2013; Rinaldi 58 
et al., 2008). Although the main source of AGP, as most of Acute Phase Proteins (APPs), is the liver. 59 
AGP expression is ubiquitous, and its coding mRNA was found in most of the bovine tissues and 60 
fluids where it was searched for (Lecchi et al., 2009), including milk. AGP is produced in the 61 
mammary gland (Ceciliani et al., 2005) and/or carried into the milk by neutrophils (Ceciliani et al., 62 
2007a), where it is stored in secondary granules and it is exocytosed after pro-inflammatory challenge 63 
(Rahman et al., 2008). Beside immunomodulatory activities, AGP is able to provide a direct 64 
antibacterial role, being active against Mycoplasma (Athamna et al., 1996), Bacillus anthracis 65 
(Shemyakin et al., 2005) and Klebsiella (Hochepied et al., 2000). To the best of the knowledge of the 66 
authors, the activity of AGP on biofilm formation was not explored so far. The aim of this study was 67 
to cover this gap by exploring whether AGP can interfere with S. aureus biofilm. 68 
 69 
2. Materials and methods 70 
2.1. S. aureus isolation and selection of biofilm producing strains 71 
Four field strains of S. aureus (identified as #39, #40, #41, #42) were isolated from raw milk collected 72 
from quarters of Holstein Friesians cows with intramammary infection (IMI) between March and 73 
May 2017 from dairy farms located in northern Italy. For the isolation of S. aureus strains, milk 74 
sample analysis was carried out following the National Mastitis Council guidelines (Adkins et al., 75 
2017). Each milk sample, stored for a maximum of 24 h at +4°C, was thawed at room temperature 76 
and 10 µL were spread on Tryptic Soy agar+5% sheep blood (Microbiol, Italy) for primary isolation 77 
and incubated aerobically at 37°C overnight. Candidate staphylococcal colonies were subcultured on 78 
Mannitol salt agar (Microbiol, Italy) for genus identification. Conventional biochemical tests 79 
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including catalase, coagulase and oxidase activity confirmed the S. aureus isolation. After the 80 
isolation, the strains were stored in glycerol at -20°C until the use. Biofilm producing capability was 81 
determined by a quantitative method (MtP assay) as previously described  (Stepanović et al., 2007). 82 
The Tryptic Soy Broth (TSB) was supplemented with the type and concentration of carbohydrates 83 
identified in preliminary studies to promote in vitro biofilm formation. Two concentrations of glucose 84 
(1% and 2.5%) and the physiological concentration of lactose found in dairy cow milk (4.7%) were 85 
tested in order to ascertain whether different types and concentration of carbohydrates could influence 86 
biofilm formation, identifying glucose 1% as the ideal supplementation for optimal biofilm formation, 87 
as presented in further details in the “Results” section. 88 
The biofilm forming ability of each of the four field strains was measured by applying Mtp assay 89 
(Stepanović et al., 2007). As negative control, TSB + 1% glucose (TSBg) without bacteria was used. 90 
Each strain was tested in triplicate on three independent plates. Briefly, fresh overnight subcultures 91 
of the strains were 1:100 fold diluted in TSBg and 200 µL were plated. After 24 hours at 37°C, the 92 
supernatant was gently removed and the biofilm was washed with sterile phosphate buffered saline, 93 
fixed with methanol and stained with 2% crystal violet. The absorbance of negative controls was used 94 
to set the optical density cut-off (ODc) as three standard deviations above the mean OD of negative 95 
control. Strains were classified as follow: non-adherent OD≤ ODc; weakly adherent Dc <OD ≤2 X 96 
ODc; moderately adherent ODc <OD ≤4 X ODc; strongly adherent OD> 4X ODc.  97 
 98 
2.2. Molecular typing of S. aureus strains 99 
In order to confirm at molecular level the capability of the selected strains to produce biofilm, 100 
Repetitive Sequence-Polymerase Chain Reaction (RS-PCR) and agr typing were carried out. 101 
Genomic DNA was isolated as previously described (Adwan, 2014). Its concentration and 102 
homogeneity was determined at 260nm and by A260/A280 ratio (Eppendorf BioPhotometer 6131). 103 
The RS-PCR amplifies the 16S-23S rRNA intergenic spacers (Graber, 2016). The primers used and 104 
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amplification conditions were as previously reported (Fournier et al., 2008). To study the agr locus 105 
two duplex PCRs were carried out for determination of agr type (I-IV) as previously reported (Pereyra 106 
et al., 2016). Primers and amplifying conditions (Shopsin et al., 2003) are reported in Table 1. 107 
 108 
2.3 Measurement of AGP capability to regulate biofilm disruption and de novo formation  109 
To determine the capability of AGP to disrupt already established staphylococcal biofilm, a MtP 110 
assay using a volume of 190 µL of bacteria culture (after 1:100 fold final dilution) and 10 µL of AGP 111 
at different concentrations was tested in 96-well flat-bottom plates (Sigma-Aldrich, Italy). 112 
Given the background that the concentration of AGP in milk during acute mastitis is unknown, a 113 
preliminary set of experiments was carried out to determine the working (effective) concentrations of 114 
AGP (Sigma Aldrich, Italy), which was dissolved in sterile PBS (Sigma Aldrich, Italy), starting from 115 
the physiological concentration of AGP in milk (1g/mL) (Ceciliani et al., 2005). The homogeneity 116 
of commercial AGP was confirmed by Sodium Dodecyl Sulphate-PolyAcrylamide Gel 117 
Electrophoresis (SDS-PAGE) and western-blotting on nitrocellulose membrane using an anti-AGP 118 
antibody specific for bovine AGP (Ceciliani et al., 2007b). The following AGP concentration were 119 
used: 1, 10, 50, 100, 300, 900 g/ml. Equivalent concentrations of bovine serum albumin (Sigma-120 
Aldrich - Italy) were used as specificity control, to rule out that the effects were related to non specific 121 
interaction of the protein with biofilm. Following the results of these preliminary experiments, that 122 
are reported in details in the “results” section, two concentrations of 1 and 50 g/mL of AGP were 123 
used.  124 
Two independent Mtp experiments were carried out to measure a) the disruptive ability of AGP 125 
against already established biofilm and b) the capability of AGP to interfere with biofilm formation. 126 
Negative control included TSBg only, while non-treated groups (NT) were bacteria cultivated without 127 
AGP and BSA. The experiments were replicated ten times for each AGP concentration. 128 
a) Measurement of AGP capability to disrupt established biofilm  129 
7 
 
Biofilm was grown as previously described (Stepanović et al., 2007) for 24 h at 37°C, after which a 130 
final concentration of 1g/mL and 50 g/mL of AGP was added. Plates were further incubated 131 
aerobically at 37°C for another 24 h, after which the effects of AGP were identified by staining the 132 
biofilm biomass with crystal violet and spectrophotometric reading (Labsystem Multiscan Plus). Each 133 
experiment was replicated three times per strain and three independent plates were used.  134 
b) Measurement of AGP capability to interact with de novo biofilm formation 135 
The MtP assay was applied to study the ability of AGP to inhibit the formation of biofilm, by using 136 
the same concentrations of AGP and albumin as those used for biofilm disruption assay. AGP was 137 
added immediately after bacterial dilution, plates were incubated aerobically at 37°C for 24 h, after 138 
which the AGP effect was quantified by staining with crystal violet and spectrophotometric 139 
reading(Labsystem Multiscan Plus) . Each experiment was replicated three times per strain and three 140 
independent plates were used.  141 
 142 
2.3. RNA extraction and qPCR for detection and quantification of genes related to adhesion and 143 
biofilm formation 144 
The capability of AGP to modulate the expression of genes related to S. aureus adhesion and biofilm 145 
formation was assessed. Each well was washed three times with 200 µL of fresh sterile PBS and 146 
scraped with sterile tips to allow biofilm detachment. The replicates were pooled and transferred in a 147 
sterile 1.5 mL Eppendorf tube, stored at -20°C until RNA extraction. Samples were thawed on ice 148 
and then centrifuged at 10˙000g at 4 °C for 3 min; the pellet was used for further procedures. FastRNA 149 
SPIN Kit for Microbes (MP Biomedicals, France) was used to extract total bacterial RNA following 150 
the manufacturer’s instructions. RNA quantity and purity were checked using NanoDrop 1000 151 
Spectrophotometer (Thermo Scientific - Italy) through 260/208 and 260/230 absorbance ratio. 152 
In order to remove the genomic DNA, 1 µg of RNA was treated with DNase I, RNase-free (Thermo 153 
Scientific, Italy). 154 
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cDNA was obtained after RT-PCR using iScript cDNA Synthesis Kit (Biorad, Italy), following the 155 
manufacture’s procedure. The expression abundance of genes involved in biofilm formation (icaA, 156 
icaD, icaB, and icaC) and adhesive virulence determinants (fnbA, fnbB, clfA, clfB, fib, ebps, eno) was 157 
measured by qPCR. The qPCR was performed on CFX Connect Real-Time PCR Detection System 158 
(Biorad, Italy) in 15 µl total volume, using EvanGreen mix (Biorad, Italy). The sequence and 159 
concentration of primers (Federman et al., 2016) are listed in Table 1. Each sample was tested in 160 
duplicate. No-RT controls and no template controls were performed. Thermal profile was the same 161 
for all targets: 95 °C for 5min, 40 cycle at 95 °C for 10s, 60 °C for 30s and a final step from 55 °C to 162 
95 °C with an increase of 5 °C every 5 seconds for the melting curve. After data normalization with 163 
the reference gene (gyrB), quantification was performed using the Bio-Rad CFX Maestro Software 164 
using the 2-Cq method. The MIQE guidelines (Bustin et al., 2009) were followed. 165 
 166 
2.5 Statistical analysis 167 
Statistical significance in optical densities between groups, on MtP data, were determined by analysis 168 
of variance (ANOVA) using GraphPad Prism v6 (GraphPad Software®, USA), and p-values ≤0.050 169 
were considered significant. The statistical analysis on mRNA abundance data were performed using 170 
XLStat for Windows (Addinsoft, USA). Statistical significance was accepted at p value ≤ 0.050.  171 
Data were tested for normality using the Shapiro-Wilk, Anderson-Darling, Lilliefors and Jarque-Bera 172 
test. Because the data were not normally distributed, nonparametric statistical tests (Kruskall-Wallis 173 
and Dunn test) were applied. Additionally, a heatmap analysis and clustering were performed on 174 
XLStat (Addinsoft, USA), using the average of qPCR data. 175 
 176 
3. Results 177 
3.1. Identification of biofilm producing field strains and biofilm quantitative assay 178 
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The effects of glucose at 1% and 2.5% and lactose at 4.7% were tested to determine the experimental 179 
conditions to test S. aureus biofilm forming capability, as reported in Supplemental Fig. 1. The 180 
analysis of variance and the T-student’s test showed statistical differences (p value ≤ 0.050) between 181 
the two concentrations of glucose and lactose. Although lactose is the most abundant in milk, it was 182 
not able to induce an adequate biofilm production as compared to glucose, which strongly affected 183 
the ability of strains to produce biofilm. Based on these results, 1% of glucose was used as 184 
supplementation ratio for the following in vitro studies. 185 
The strains number #39, #40, #41 and #42 displayed different biofilm producing abilities as reported 186 
in Supplemental Fig. 2. The cut-off point, calculated on negative controls, was set at OD570: 0.22. The 187 
strains #40 and #42 resulted strongly biofilm producers with OD570 values of 1 and 1.4, respectively. 188 
On the contrary, strains #39 and #41 were weak and moderate biofilm producer with OD570 values of 189 
0.3 and 0.51, respectively. Following this second set of preliminary experiments, strains #40 and #42 190 
were selected and included in the following experiments. 191 
 192 
3.2. Molecular typing of biofilm producing strains 193 
The two strains #40 and #42 were classified following amplification of 16S-23S rRNA intergenic 194 
spacers and clustered in the genotype B group. The multiplex PCRs used to characterize the agr locus 195 
provided the evidence that both #40 and #42 strains belong to agr-I group. These results confirmed 196 
at molecular level that the two strains #40 and #42 were able to produce biofilm. 197 
 198 
3.3 AGP interaction with biofilm.  199 
Based on preliminary experiments (Supplemental Fig. 3), two concentration of AGP, namely 1g/ml 200 
and 50g/ml, were selected. The capability of AGP to disrupt biofilm, or inhibit its formation, is 201 
presented in Fig. 1a. AGP caused the partial disruption of already formed biofilm structures of S. 202 
aureus strains #40 and #42 in a strain-related mode. In details, the AGP co-incubation of strain #40 203 
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induced a disruption, which is dose-dependent, and were significant when cultures were incubated 204 
with 50 µg/mL of AGP, as compared with controls or cultures that were co-incubated with AGP at 1 205 
µg/mL. Strain #42 behaved differently. The incubation with 1 µg/mL induced a significant increase 206 
of biofilm formation, whereas with 50 µg/mL induced a disruption. The disruptive activity of AGP 207 
on biofilm formation was found to be specific, since albumin, used at the same concentration, was 208 
not. The biofilm formation was not inhibited by AGP (Fig. 1b). 209 
 210 
3.4.Modulation of the expression of intracellular adhesion cluster (ica) genes  211 
In order to investigate whether the activity of AGP on S. aureus culture also reflected on the 212 
expression of genes related to biofilm formation, a list of genes involved in bacterial adherence and 213 
polysaccharide production was identified, and their abundance was measured by means of a qPCR 214 
approach. The selected targets were detected in all samples. Results are presented in Fig. 2. 215 
AGP differently modulates the expression of target mRNA of strain #40 and #42. In details, an up 216 
regulation of icaA (p = 0.045, ratio AGP[50µg/mL]/NT= 3.5), icaB (p=0.036 ratio AGP[50µg/mL]/NT= 2.9), 217 
icaC (p=0.05, ratio AGP[50µg/mL]/NT= 2.7) and fnbB (p=0.027 ratio AGP[50µg/mL]/NT=2.1) was 218 
observed in strain #40; icaD abundance followed the same trend but the data was not statistically 219 
significant. 220 
The icaC and icaD mRNA abundance levels was also influenced, although with a negative 221 
correlation, by AGP treatment in strain #42 ; in details, icaC (p=0.050, ratio AGP[50µg/mL] / AGP[1µg/mL] 222 
= 0.35) and icaD (p=0.046, ratio AGP[50µg/mL] / AGP[1µg/mL] = 0.34) abundance decreased when 223 
bacteria were incubated with 50g/mL of AGP, as compared with 1g/mL. No significant difference 224 
in abundance of other target genes was detected. 225 
 226 
3.5.Heatmap analysis 227 
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The mRNA abundance of eleven genes was determined and the results are presented as heat map in 228 
Fig. 3; the major changes were detected only in the abundance of genes involved in the biofilm 229 
formation (ica genes), while no relevant modifications were appreciable in genes related to bacterial 230 
adhesion (eno, ebps, clfa, fib, fnbA and fnbB genes).  231 
The two analyzed strains can be sorted in two major clusters; interestingly, control group (0) and 232 
1µg/mL AGP group (1) formed a tighter cluster in both strains, demonstrating that the gene 233 
expression profile was similar between groups 0 and 1 and that it differed from the 50 µg/mL AGP 234 
group. However, the gene expression profile is different between the #40 and #42 strains without 235 
AGP treatment, suggesting the presence of individual features of the strain.  236 
The two strains showed a different response to AGP treatment. The major effects in genes expression 237 
were detected in strain #40, which shown a stronger up regulation of ica and fnbA, genes, involved 238 
in biofilm formation and bacteria adhesion, respectively. No relevant changes were observed in strain 239 
#42 except for fib, whose expression increased after 50µg/mL AGP treatment. 240 
 241 
4. Discussion 242 
The present study investigated for the first time the capability of the acute phase protein AGP to 243 
interact with biofilm of field strains of S. aureus isolated from infected quarters. The results provided 244 
the evidence that AGP could induce the disruption of the biofilm in a dose dependent and in a strain-245 
dependent way even when used at the physiological concentration of AGP in milk (Ceciliani et al., 246 
2005). On the contrary, AGP was not able to interact with the de novo formation of biofilm. It was 247 
also demonstrated that the incubation with AGP modifies the expression rate of genes involved in 248 
biofilm formation in a dose- and a strain- dependent way. 249 
The study was carried out on S .aureus field strains that were isolated from milk of mastitis affected 250 
dairy cows. The molecular typing demonstrated that the two strains that were selected for their 251 
capability to produce biofilm belonged to B genotype (Graber, 2016). Both strains #40 and #42 252 
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revealed the presence of agr-I group, which features high biofilm forming ability in TSB medium 253 
and are penicillin-resistance (Melchior et al., 2009). The genetic characterisation of the agr locus 254 
(Melchior et al., 2009) confirmed at a molecular level the ability of agr-I strains to produce biofilm 255 
in TSBg medium in a strain-to-strain dependant way.  256 
AGP is an immunomodulatory protein, whose function is mostly focused on decreasing collateral 257 
damages related to uncontrolled inflammation (Ceciliani and Lecchi, 2019). In cow, AGP is regarded 258 
as a minor acute phase protein: its serum concentration increases between two- to four-folds during 259 
inflammation. Bovine healthy milk contains AGP, which is produced from mammary gland and likely 260 
exudates from serum during inflammation, at a concentration of 1.3 µg/mL) (Ceciliani et al., 2005). 261 
The amount of milk AGP during mastitis has not been measured so far. We demonstrated in this study 262 
that AGP is effective in disrupting S. aureus biofilm. The molecular mechanism at the background of 263 
AGP activity on biofilm disruption is unknown, but at least two features of AGP structure could be 264 
potentially involved. Firstly, bovine AGP is a 37kDa polypeptide, with a very low pI of 2.7. Secondly, 265 
AGP exposes on its surface a very complex carbohydrate moiety, accounting for more than 42% of 266 
the protein weight, and including as terminal residue of each of the five glycan chain several sialic 267 
acid molecules (Ceciliani and Pocacqua, 2007). The very low pI of AGP may provide a reasonable 268 
background to explain the disruption of S. aureus biofilm, which has been shown to be dependent of 269 
pH values, and it is reduced by acid pH (Zmantar et al., 2010). The high content of sialic acid terminal 270 
residues over the surface of AGP may also be partially related to biofilm disruption. Sialylated 271 
oligosaccharides have been shown to block the adhesion of Helicobacter pylori to epithelial cells 272 
(Simon et al., 1997) and these findings have been recently confirmed in S. aureus as well, where it 273 
was demonstrated that sialylated glycoconjugates could inhibit colonies’ growth (Zeng et al., 2018). 274 
It must also be said that no report about the sensitivity of already developed biofilm to changes of pH 275 
has been reported so far. 276 
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At molecular level, staphylococcal biofilms are encased in an extracellular matrix composed of 277 
extracellular DNA and polysaccharides, the last ones synthesized by enzymes encoded by the 278 
icaABCD operon, whose products include PIA (Arciola et al., 2005), and proteins involved host cell 279 
adhesion, such as fibronectin binding proteins A and B (fnbA and fnbB), that allow cell interaction 280 
with 51 integrins. Therefore, the second step of the present study was to investigate whether the 281 
co-incubation of S. aureus strains reflected on bacterial genes involved in biofilm formation. The 282 
effects of AGP were dose- and strain- dependents, high concentrations of AGP inducing an 283 
upregulation of icaA, icaB and icaC in strain #40 .The effects on Strain #42 are opposite. For Strain 284 
#42, the dysregulation of icaC and icaD genes parallels an increase in biofilm disruption. Moreover, 285 
an apparent upregulation of icaABCD genes, although not statistically significant, corresponds to a 286 
decrease in biofilm disruption. The regulatory mechanism of biofilm is complex and not yet fully 287 
understood. PIA production seems to undergo to strain-to-strain variation (Cue et al., 2012), as 288 
confirmed by the different sensitivity of strain #40 and strain #42 to the challenge with AGP. The 289 
abundance of genes described above is presented as a heatmap analysis in which is possible to 290 
appreciate the substantial differences between the two strain and in terms of levels expression panels. 291 
Although the formation of biofilm is strictly correlated to the production of PIA/PNAG, the present 292 
results are consistent with what has been previously reported in S. epidermidis, e.g. that treatment 293 
with linezolid, and antibiotic choice for anti-Staphylococcus therapy, increases the level of 294 
transcription of gene involved in PIA/PNAG synthesis such as icaA gene in already established 295 
staphylococcal biofilms (Reiter et al., 2014). The main limitation of the present study is the in vitro 296 
experimental approach. In vitro models are necessarily simplistic as compared to in vivo conditions. 297 
In most cases, biofilms include polymicrobial communities, and develop with the support and 298 
presence of complex environment, including serum proteins, inflammatory mediators and adhesion 299 
proteins and specific surfaces(Crawford et al., 2014). Given that the experimental results were 300 
conducted in vitro, it is at least conceivable that genes linked to adhesive matrix molecules did not 301 
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show major changes in expression. It is reasonable to suppose that the expression levels of this genes 302 
can also be modulated by the presence of host molecules which interact with the bacteria adhesion 303 
proteins. 304 
 305 
5. Conclusions 306 
In conclusion, the present study demonstrated for the first time that AGP can disrupt already formed 307 
S. aureus biofilm, but has no inhibitory capability on biofilm synthesis. As a consequence of AGP 308 
activity, a dysregulation of genes involved in biofilm formation was also demonstrated, following a 309 
dose- and strain-dependent pattern. Overall, results of this study provide new insights about AGP 310 
direct antibacterial activity of AGP in bovine milk.  311 
Remains to be demonstrated the molecular bases of AGP mechanism of action, in particular for what 312 
concerns the limited capability to interact with the de novo formation of biofilm.  313 
 314 
Aknowledgements 315 
This research did not receive any specific grant from funding agencies in the public, commercial, or 316 
not-for-profit sectors. 317 
 318 
References 319 
Adkins, P.R.F., Middleton, J.R., Fox, L.K., Pighetti, G., Petersson-Wolfe, C., 2017. Laboratory 320 
handbook on bovine mastitis. 321 
Adwan, K., 2014. Fast DNA isolation and PCR protocols for detection of methicillin-resistant 322 
staphylococci 5–8. doi:10.1007/s12223-013-0259-1 323 
Antunes, L.C.M., Ferreira, R.B.R., Buckner, M.M.C., Finlay, B.B., 2010. Quorum sensing in 324 
bacterial virulence. Microbiology 156, 2271–2282. doi:10.1099/mic.0.038794-0 325 
15 
 
Arciola, C.R., Gamberini, S., Campoccia, D., Visai, L., Speziale, P., Baldassarri, L., Montanaro, L., 326 
2005. A multiplex PCR method for the detection of all five individual genes of ica locus in 327 
Staphylococcus epidermidis. A survey on 400 clinical isolates from prosthesis-associated 328 
infections. J. Biomed. Mater. Res. - Part A 75, 408–413. doi:10.1002/jbm.a.30445 329 
Athamna, A., Kramer, M.R., Kahane, I., 1996. Adherence of Mycoplasma pneumoniae to human 330 
alveolar macrophages. FEMS Immunol. Med. Microbiol. 15, 135–141. 331 
Atshan, S.S., Shamsudin, M.N., Karunanidhi, A., van Belkum, A., Lung, L.T.T., Sekawi, Z., Nathan, 332 
J.J., Ling, K.H., Seng, J.S.C., Ali, A.M., Abduljaleel, S.A., Hamat, R.A., 2013. Quantitative 333 
PCR analysis of genes expressed during biofilm development of methicillin resistant 334 
Staphylococcus aureus (MRSA). Infect. Genet. Evol. 18, 106–112. 335 
doi:10.1016/j.meegid.2013.05.002 336 
Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R., Nolan, T., 337 
Pfaffl, M.W., Shipley, G.L., Vandesompele, J., Wittwer, C.T., 2009. The MIQE guidelines: 338 
minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 339 
55, 611–22. doi:10.1373/clinchem.2008.112797 340 
Ceciliani, F., Lecchi, C., 2019. The immune functions of alpha1 acid glycoprotein. Curr. Protein Pept. 341 
Sci. doi:10.2174/1389203720666190405101138 342 
Ceciliani, F., Pocacqua, V., 2007. The acute phase protein alpha1-acid glycoprotein: a model for 343 
altered glycosylation during diseases. Curr. Protein Pept. Sci. 8, 91–108. 344 
doi:10.2174/138920307779941497 345 
Ceciliani, F., Pocacqua, V., Lecchi, C., Fortin, R., Rebucci, R., Avallone, G., Bronzo, V., Cheli, F., 346 
Sartorelli, P., 2007a. Differential expression and secretion of alpha1-acid glycoprotein in bovine 347 
16 
 
milk. J. Dairy Res. 74, 374–80. doi:10.1017/S0022029907002646 348 
Ceciliani, F., Pocacqua, V., Miranda-Ribera, A., Bronzo, V., Lecchi, C., Sartorelli, P., 2007b. 349 
alpha(1)-Acid glycoprotein modulates apoptosis in bovine monocytes. Vet. Immunol. 350 
Immunopathol. 116, 145–152. doi:10.1016/j.vetimm.2007.01.006 351 
Ceciliani, F., Pocacqua, V., Provasi, E., Comunian, C., Bertolini, A., Bronzo, V., Moroni, P., 352 
Sartorelli, P., 2005. Identification of the bovine alpha1-acid glycoprotein in colostrum and milk. 353 
Vet. Res. 36, 735–46. doi:10.1051/vetres:2005029 354 
Crawford, E.C., Singh, A., Metcalf, D., Gibson, T.W.G., Weese, S.J., 2014. Identification of 355 
appropriate reference genes for qPCR studies in Staphylococcus pseudintermedius and 356 
preliminary assessment of icaA gene expression in biofilm-embedded bacteria. BMC Res. Notes 357 
7, 451. doi:10.1186/1756-0500-7-451 358 
Cue, D., Lei, M.G., Lee, C.Y., 2012. Genetic regulation of the intercellular adhesion locus in 359 
staphylococci. Front. Cell. Infect. Microbiol. 2, 1–13. doi:10.3389/fcimb.2012.00038 360 
Federman, C., Ma, C., Biswas, D., 2016. Major components of orange oil inhibit Staphylococcus 361 
aureus growth and biofilm formation, and alter its virulence factors. J. Med. Microbiol. 65, 688–362 
695. doi:10.1099/jmm.0.000286 363 
Fournier, C., Kuhnert, P., Frey, J., Miserez, R., Kirchhofer, M., Kaufmann, T., Steiner, A., Graber, 364 
H.U., 2008. Bovine Staphylococcus aureus: Association of virulence genes, genotypes and 365 
clinical outcome. Res. Vet. Sci. 85, 439–448. doi:10.1016/j.rvsc.2008.01.010 366 
Fox, L.K., Zadoks, R.N., Gaskins, C.T., 2005. Biofilm production by Staphylococcus aureus 367 




Graber, H.U., 2016. Genotyping of Staphylococcus aureus by Ribosomal Spacer PCR (RS-PCR) 370 
e54623. doi:doi:10.3791/54623 371 
Halasa, T., Huijps, K., Østerås, O., Hogeveen, H., 2007. Economic effects of bovine mastitis and 372 
mastitis management: A review. Vet. Q. 29, 18–31. doi:10.1080/01652176.2007.9695224 373 
Hall, C.W., Mah, T.F., 2017. Molecular mechanisms of biofilm-based antibiotic resistance and 374 
tolerance in pathogenic bacteria. FEMS Microbiol. Rev. 41, 276–301. 375 
doi:10.1093/femsre/fux010 376 
Hochepied, T., Van Molle, W., Berger, F.G., Baumann, H., Libert, C., 2000. Involvement of the acute 377 
phase protein α1-acid glycoprotein in nonspecific resistance to a lethal Gram-negative infection. 378 
J. Biol. Chem. 275, 14903–14909. doi:10.1074/jbc.275.20.14903 379 
Hogeveen, H., Van Der Voort, M., 2017. Assessing the economic impact of an endemic disease: the 380 
case of mastitis. Rev Sci Tech 36, 217–226. doi:10.20506/rst.36.1.2623 381 
Jensen, M.A., Webster, J.A., Straus, N., 1993. Rapid identification of bacteria on the basis of 382 
polymerase chain reaction-amplified ribosomal DNA spacer polymorphisms. Appl. Environ. 383 
Microbiol. 59, 945–952. 384 
Lecchi, C., Avallone, G., Giurovich, M., Roccabianca, P., Ceciliani, F., 2009. Extra hepatic 385 
expression of the acute phase protein alpha 1-acid glycoprotein in normal bovine tissues. Vet. J. 386 
180, 256–8. doi:10.1016/j.tvjl.2007.12.027 387 
Lecchi, C., Ceciliani, F., Bernasconi, S., Franciosi, F., Bronzo, V., Sartorelli, P., 2008. Bovine alpha-388 
1 acid glycoprotein can reduce the chemotaxis of bovine monocytes and modulate CD18 389 
expression. Vet. Res. 39, 50. doi:10.1051/vetres:2008027 390 
18 
 
Lecchi, C., Scarafoni, A., Bronzo, V., Martino, P.A., Cavallini, A., Sartorelli, P., Ceciliani, F., 2013. 391 
Alpha1-Acid glycoprotein modulates phagocytosis and killing of Escherichia coli by bovine 392 
polymorphonuclear leucocytes and monocytes. Vet. J. 196, 47–51. 393 
doi:10.1016/j.tvjl.2012.07.022 394 
Melchior, M.B., van Osch, M.H.J., Graat, R.M., van Duijkeren, E., Mevius, D.J., Nielen, M., Gaastra, 395 
W., Fink-Gremmels, J., 2009. Biofilm formation and genotyping of Staphylococcus aureus 396 
bovine mastitis isolates: Evidence for lack of penicillin-resistance in Agr-type II strains. Vet. 397 
Microbiol. 137, 83–89. doi:10.1016/j.vetmic.2008.12.004 398 
Pereyra, E.A.L., Picech, F., Renna, M.S., Baravalle, C., Andreotti, C.S., Russi, R., Calvinho, L.F., 399 
Diez, C., Dallard, B.E., 2016. Detection of Staphylococcus aureus adhesion and biofilm-400 
producing genes and their expression during internalization in bovine mammary epithelial cells. 401 
Vet. Microbiol. 183, 69–77. doi:10.1016/j.vetmic.2015.12.002 402 
Rahman, M.M.D., Miranda-Ribera, A., Lecchi, C., Bronzo, V., Sartorelli, P., Franciosi, F., Ceciliani, 403 
F., 2008. Alpha(1)-acid glycoprotein is contained in bovine neutrophil granules and released 404 
after activation. Vet. Immunol. Immunopathol. 125, 71–81. doi:10.1016/j.vetimm.2008.05.010 405 
Rainard, P., Foucras, G., Fitzgerald, J.R., Watts, J.L., Koop, G., Middleton, J.R., 2018. Knowledge 406 
gaps and research priorities in Staphylococcus aureus mastitis control. Transbound. Emerg. Dis. 407 
65, 149–165. doi:10.1111/tbed.12698 408 
Reiter, K.C., Sant’Anna, F.H., D’Azevedo, P.A., 2014. Upregulation of icaA, atlE and aap genes by 409 
linezolid but not vancomycin in Staphylococcus epidermidis RP62A biofilms. Int. J. 410 
Antimicrob. Agents 43, 248–53. doi:10.1016/j.ijantimicag.2013.12.003 411 
Rinaldi, M., Ceciliani, F., Lecchi, C., Moroni, P., Bannerman, D.D., 2008. Differential effects of 412 
19 
 
alpha1-acid glycoprotein on bovine neutrophil respiratory burst activity and IL-8 production. 413 
Vet. Immunol. Immunopathol. 126, 199–210. doi:10.1016/j.vetimm.2008.07.001 414 
Schönborn, S., Krömker, V., 2016. Detection of the biofilm component polysaccharide intercellular 415 
adhesin in Staphylococcus aureus infected cow udders. Vet. Microbiol. 196, 126–128. 416 
doi:10.1016/j.vetmic.2016.10.023 417 
Shemyakin, I.G., Pukhalsky, A.L., Stepanshina, V.N., Shmarina, G. V, Aleshkin, V.A., Afanas’ev, 418 
S.S., 2005. Preventive and therapeutic effects of alpha-acid glycoprotein in mice infected with 419 
B. anthracis. Bull. Exp. Biol. Med. 140, 439–44. 420 
Shopsin, B., Mathema, B., Alcabes, P., Said-Salim, B., Lina, G., Matsuka, A., Martinez, J., 421 
Kreiswirth, B.N., 2003. Prevalence of agr specificity groups among Staphylococcus aureus 422 
strains colonizing children and their guardians. J. Clin. Microbiol. 41, 456–9. 423 
Simon, P.M., Goode, P.L., Mobasseri, A., Zopf, D., 1997. Inhibition of Helicobacter pylori binding 424 
to gastrointestinal epithelial cells by sialic acid-containing oligosaccharides. Infect. Immun. 65, 425 
750–7. 426 
Stepanović, S., Vuković, D., Hola, V., Di Bonaventura, G., Djukić, S., Cirković, I., Ruzicka, F., 2007. 427 
Quantification of biofilm in microtiter plates: overview of testing conditions and practical 428 
recommendations for assessment of biofilm production by staphylococci. APMIS 115, 891–9. 429 
doi:10.1111/j.1600-0463.2007.apm_630.x 430 
Zeng, J., Hu, Y., Jia, T., Zhang, R., Su, T., Sun, J., Gao, H., Li, G., Cao, M., Song, M., 2018. 431 
Chemoenzymatic synthesis of sialylated lactuloses and their inhibitory effects on 432 
Staphylococcus aureus. PLoS One 13, e0199334. doi:10.1371/journal.pone.0199334 433 
Zmantar, T., Kouidhi, B., Miladi, H., Mahdouani, K., Bakhrouf, A., 2010. A microtiter plate assay 434 
20 
 
for Staphylococcus aureus biofilm quantification at various pH levels and hydrogen peroxide 435 
supplementation. New Microbiol. 33, 137–45. 436 
 437 
  438 
21 
 
Figure captions 439 
Fig. 1: the interaction between AGP and staphylococcal biofilm. 440 
Fig. 1A: quantitative effects of AGP against already formed biofilm. The one-way ANOVA statistical 441 
analysis revealed a significant differences between strain 40 and 42 (p value ≤ 0.001). t-student’s test 442 
was used to compare treatments of each strain (*: p value ≤ 0.05 and 0.01; **: p value ≤ 0.01; ***: p 443 
value ≤ 0.001) 444 
Fig. 1B: quantitate effects of AGP on de novo of biofilm. 445 
No statistical differences were found at both concentrations tested 446 
 447 
Fig. 2: Relative mRNA expression of ica locus and adhesion-related genes. 448 
Relative mRNA abundance of ica genes and genes involved in bacterial adhesion in response to AGP 449 
treatments. The box plots shown the median (line into the box plot), the mean (rhombus shape) and 450 
the upper and lower quartiles (end of the box). The highest and lowest values are shown by the 451 
extreme lines. The statistically significance (p value ≤0.05) is indicated by *. 452 
 453 
Fig. 3: Heatmap and clustering analysis. 454 
Heatmap and clustering analysis shows changes in gene expression profile of eleven genes of S. 455 
aureus (Strain 40 and 42) in response to treatment with AGP protein. A bright red or green represent 456 
a gene strongly down or up regulated respectively. The different shades represent intermediate 457 
situation. The dendrogram, on the top and on the left part of the figure, shows the clusters among the 458 




Supplemental Fig. 1 Setup of carbohydrate concentration to supplement TSB.  461 
Effect of different carbohydrate concentrations on biofilm formation of four S. aureus isolates from 462 
mastitic milk. Two concentrations of glucose (1 and 2.5%) and the physiological concentration of 463 
lactose in milk were used (4.7%) to supplement TSB and identify the optimal concentration able to 464 
induce strongest biofilm biomass formation. Analysis of variance revealed significant differences 465 
between the three groups for each strain, T-student’s test revealed the reported statistical differences 466 
(*: p value between 0.05 and 0.01; **: p value < 0.01; ***: p value <0.001).  467 
 468 
Supplemental Fig. 2: Biofilm forming ability of the four S. aureus strains. 469 
Optical densities of #39, #40,#41 and #42 S.aureus strains as measured following the method 470 
previously described (Stepanović et al., 2007). After MtP assay, strain 40 and strain 42 were classified 471 
as strongly biofilm producers, while strain 39 and 41 resulted, respectively, weak and moderate 472 
biofilm producers. 473 
 474 
Supplemental Fig. 3 Setup of AGP concentration to assess its role against staphylococcal biofilm. 475 
Effect of increasing concentrations of AGP on biofilm disruption in # 40 and # 42 S.aureus strains 476 
included in the study (A,B). Albumin was used to exclude aspecific interactions (C,D).  477 
In the second preliminary experiment, starting from 0.1 μg/mL up to 100 μg/mL was created a scaling 478 
down gradient of AGP (E, F) and same concentrations of albumin (G,H). One-way ANOVA test and 479 
T-student’s test were used to determine statistical differences (*: p value between 0.05 and 0.01; **: 480 
p value < 0.01; ***: p value <0.001) 481 





Primers for adhesion genes (clfA, clfB, ebps, fib, fnbA, fnbB, eno), biofilm genes (icaA, icaD, icaB, 
icaC) and reference gene (gyrB) were as previously reported (Federman et al., 2016). Primers for quorum 

















































































































(accessory gene regulator) 
F ATGCACATGGTGCACATGC   
agr-I 
(accessory gene regulator) 
R GTCACAAGTACTATAAGCTGCGAT 440  
agr-II 










(accessory gene regulator) 
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